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Abstract

Computer-navigated pedicle screw insertion is applied to the thoracic and lumbar spine to attain high insertion
accuracy and a low rate of screw-related complications. However, some in vivo and in vitro studies have shown that
no advantages are gained with the use of navigation techniques compared to conventional techniques. Additionally,
inconsistent conclusions have been drawn in various studies due to different population characteristics and methods
used to assess the accuracy of screw placement. Moreover, it is not clear whether pedicle screw insertion with navi—
gation techniques decreases the incidence of screw-related complications. Therefore, this study was sought to per—
form a meta-analysis of all available prospective evidence regarding pedicle screw insertion with or without
navigation techniques in human thoracic and lumbar spine. We considered in vivo comparative studies that assessed
the results of pedicle screw placement with or without navigation techniques. PubMed, Ovid MEDLINE and
EMBASE databases were searched. Three published randomized controlled trials (RCTs) and nine retrospective
comparative studies met the inclusion criteria. These studies included a total of 732 patients in whom 4,953 screws
were inserted. In conclusion, accuracy of the position of grade I, II, III and IV screws and complication rate related
to pedicle screw placement were significantly increased when navigation techniques were used in comparison to
conventional techniques. Future research in this area should include RCTs with well-planned methodology to limit
bias and report on validated, patient-based outcome measures.
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INTRODUCTION

Pedicle screws, which perforate the pedicle cortex,
increase the risk of dural tearing, neural damage and
vascular or visceral complications, especially in the thor—
acic spine due to its complex anatomy and decreased
pedicle dimensions™ """, Moreover, pedicle screw mis—
placement results in a loss of fixation, especially at the
lower end of a construct, such as lumbar spine. Ideal
pedicle screw should have a maximum diameter and
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length that do not breach the cortical layer of the pedicle
or the vertebral body and should be convergedm. The
development of methods that improves the accuracy of
pedicle screw insertion is an active area of research.
Pedicle screws are often inserted using conventional
techniques that are based on anatomical landmarks of
the vertebrae or assisted with any intraoperative ima—
ging fluoroscopy, which is called fluoroscopic guided
technique to localize the pedicle and evaluate the posi—
tlon Of the ped]cle Screw[2.4,().15,16.2().21.2().35.36.41,42.44,45.5(1,53].
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With development of computer technology, image-
navigated techniques now include computed tomogra—
phy (CT)-based navigation and fluoroscopy-based
navigation. Both provide 2- or 3-dimensional (2D or
3D) intraoperative imaging to assist screw insertion
and have been applied extensively. Many studies
reported that image-navigated techniques lead to a sig—
nificant reduction in the rate of screw misplace—
mentl1,3‘9.17,2/1‘726,28,31,37,3‘),42,43,51,35.5()]. However, in VIVO and
in vitro studies found no advantages to using naviga—
tion techniques compared to conventional techniques,
especially in the thoracic spine“&m. Additionally, it
has been shown that experienced spine surgeons insert
screws in the thoracolumbar region with a low inci—
dence of screw misplacement using conventional tech—
niquesm]. Furthermore, limitations of navigation
systems relate to a lengthy learning curve, calibration
errors, bending of instruments, occasional blocking of
the surgical field with camera, inadvertently touching
or hitting reference frames, and non-rigid connection
between reference base and actual surgical site’™"!,
Although a few studies” *""**" reported that the accu—
racy of fluoroscopy-assisted pedicle screw insertion is
comparable to that of CT navigation, differences in
population characteristics and methods of assessing
placement accuracy between studies have resulted in
inconsistent conclusions.

The accuracy of pedicle screw insertion is deter—
mined according to the method performed to insert
the pedicle and the tools (such as photography, CT,
or magnetic resonance imaging (MRI)) performed to
assess the position of the pedicle screw and the adop—
tion of standard definitions of correct pedicle screw
insertion. According to the relationship between the
pedicle and screws, most surgeons consider pedicle
violation as a safe zone of pedicle perforation smaller
than 2 mm'""*', The grade of pedicle screw violation
based on this definition is classified into four groups:
screws fully contained within the pedicle; perforated
screws with up to 2 mm of displacement (Grade A);
perforated screws with 2—4 mm of displacement
(Grade B); perforated screws with greater than 4 mm
of displacement (Grade C)“s'%]. This classification
has been used in the majority of studies. In addition,
medial pedicle perforation greater than 4 mm may
endanger the neural elements and result in neurological
deficit'"**. However, no studies have compared all
types of screw positions. The increased safety of insert—
ing pedicle screws may be related to more accurate
screw positioning and the fact that less violation of the
lateral cortex is unlikely to cause neurological compli—
cations' . Although serious complications such as neu—
rological, visceral, or vascular complications are very

[30,34.,52] .. . .
rare , the overall incidence of complications related

to screw malposition is 0%-42%'"""'. Moreover, it
remains unclear that whether pedicle screw insertion
using navigation techniques decreases the incidence of
screw-related complications.

In this study, we performed a meta-analysis to compare
the positioning of pedicle screws in the human thoracic
and lumbar spine, and the screw-related complications
with or without the assistance of navigation techniques.

MATERIALS AND METHODS

Inclusion criteria

Studies fulfilling the following criteria were eligible
for inclusion. First, the report needed to be a compara—
tive study and included randomized controlled trials
(RCTs) or prospective or retrospective comparative stu—
dies, and the methods used to insert the pedicle screws
were conventional techniques or image-navigated tech—
niques. Second, the study was performed in vivo; cada—
veric and animal studies as well as studies that used
spine models and morphologic articles were excluded.
Third, the study was published in English. Fourth, as
fixing the cervical spine using the lateral mass and not
the pedicle was the main technique used for the cervical
spine because of its complicated anatomy, we excluded
studies on pedicle screw insertion in the cervical spine.
However, we accepted studies that included pedicle
screws inserted into the S1 vertebrae, and we also
accepted studies where the cervical spine was involved
along with the thoracic and/or lumbar spine if separate
results for the thoracolumbar spine were available.
Fifth, the postoperative screw position must was
assessed using CT or MRIL

Search strategy

The electronic databases of PubMed, Ovid MEDLINE
(1950 to February, 2013), and EMBASE (1980 to
February, 2013) were searched with the following search
terms: “‘pedicle screw with navigation” or “navigated”;
““‘computer assisted/assistance/aided’’; and ‘‘image
guided/guidance”.

Screening and assessment of eligibility

Two of the authors (JT and ZZ) independently
screened the titles and abstracts of the studies from
the electronic search to identify all citations potentially
containing the comparison of interest. They indepen—
dently evaluated and identified these studies by search—
ing references and abstracts from meetings to determine
the final set of included articles. Disagreements were
resolved by discussion and by further discussion with
an independent colleague if necessary.
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Pedicle screw
Navigation

or computer assisted
or image guided

All 187 papers

39 papers considered

148 papers excluded from title and abstract
Cervical:42

Mini invasive surgery:20

Non in vivo:13

Others(review, radiation, non English):72
Duplicated:1

12 papers met inclusion criteria

27 papers excluded:

Non comparative:21

Comparative different navigated methods:4
Can not extract correlative data:2

Fig. 1 Study selection process.

Some definitions and standardizations

Most surgeons consider a pedicle violation of less
than 2 mm as a safe zone of pedicle perforation™"™".
Although there is no strong evidence to support post—
operative assessment, this was considered a criterion
for inclusion in this meta—analysis“sm. The grade of
pedicle screw violation was categorized into four groups
(grade I, I, III and IV) based on published criteria.
Grade I screws were those located inside the pedicle,
which were defined as the “‘perfect’” position for the
screw; grade II screws were defined as “‘safe’ zone
screws; grade III screws were those in a ‘“‘potentially
hazardous’ zone; and grade IV screws were defined
as screws in a zone that was ‘“‘absolutely hazardous™.
The screw-related complications included nerve root
or spinal cord injury, vascular injury, cerebrospinal fluid
leak, visceral injury and pedicle fracture”

Data extraction

For each eligible study, two of the authors (JT and
77 extracted the relevant data independently for both
the intervention and control groups. These data included
demographic data (age and sex) and other types of data.
The variables collected including type of study (RCT,
prospective comparative study, or retrospective com—
parative study), anatomic level, number of patients,
indications, method of insertion, method of screw posi—
tion assessment, accuracy of screw placement and cri—
teria, pedicle screw position grades (I, I, III and IV)
and screw-related complications.

Statistical analysis

Data concerning each grade of screw and screw-
related complications from the included studies were
pooled according to whether pedicle screw insertion
was performed using conventional or navigation techni—
ques. Dichotomous variables were pooled across stu—
dies. The rate of pedicle violation and incidence of
complications were summarized using odds ratios
(OR) and 95% confidence intervals (CIs). P < 0.05
was considered statistical significant. Heterogeneity
was evaluated by using the ;52 test and I*-statistics. P <
0.1 and I’ > 50% were considered to be significant for
heterogeneity. Fixed-effect models were used unless
statistical heterogeneity was significant, in which case
a random-effects model or sub-group analysis was used.
Publication bias was assessed by visually examining the
funnel plots based on each grade of pedicle screw and
screw-related complications. All analyses were carried
out in Review Manager 5.1 software (Cochrane IMS).

RESULTS

Search results

Fig. 1 shows the process for identifying eligible
studies. There were 187 potentially relevant papers;
after screening the title as well as reading the abstract
and the entire article, we identified three published
RCTs" """ and nine retrospective comparative stu—
dies' "4 that met all of the inclusion criteria

(Fig. 1).
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Extraction of data

A total of 732 patients and 4,953 screws were
included in the 12 studies. There were 2,323 pedicle
screws inserted using navigation techniques and
2,630 pedicle screws inserted using conventional tech—
niques. Table 1 shows a summary of these studies.
CT™"**** and 3D"""*"""*" imaging modalities were
used to insert pedicle screws in five studies. An O-arm
was used in two studies” . Eight[1'3'25'31'37'39'42'43] papers
defined the number of screws in grade I, II, and III,

and two paperswm described cases of grade I and II.
One"” study defined only grade I screws, and another””
study published only grade II screws (Table 2). Eight
papersm‘”’25'31'37’3(”42] used 2 mm as the criterion for pedi—
cle screw violation, whereas two papers’ " used 3 mm
and one”" used 1/4 of the diameter of the screw as this
criterion. With these different criteria, we pooled and
analyzed the data according to sub-groups. One' study
assessed the position of the pedicle screw using MRI,
and the others used CT. Tohtz et al."” studied post—
operative screw position using MRI or CT, and con—

Table 2 Grade of screw and screw-related complications of included studies

Number of screws and criteria

Author & year

Screw-related complications

I* 1r* 1+ %

Allam/2013" N=208 =0 mm <3 mm 3—-6 mm >6 mm  No screw-related complication
Nav:100 90 99 1 1
Con:108 38 97 5 6

Shin/2012" N=310 =0 mm <2 mm 2—4 mm >4 mm Nav: 1, Con: 5 neurological deficit
Nav:106 99 103 1
Con:204 186 192 4

Cui /2012 N=1,040 =0 mm <2 mm Nav: 0, Con: 1 CSF leak
Nav:483 458 474
Con:557 498 528

Sibermann/2011"™" N=339 =0 mm <3 mm 3—-6 mm >6 mm Nav: 0, Con: 1 neurological deficit
Nav:187 185 185 1
Con:152 127 143 4 5

Han/2010"" N=176 =0 mm <2 mm Nav: 0, Con: 1 pleura injury, 1 minor dura
Nav: 92 38 92 violation, 1, nerve root injury
Con: 84 70 81

Sakai/2008"”! N=478 =0 mm <2 mm 2—-4 mm >4 mm No Screw-related complication
Nav:264 205 234 27 3
Con:214 115 154 17 43

Rajasekaran/2007"" N=478 =0 mm <2 mm 2—-4 mm >4 mm No Screw-related complication
Nav:242 237 238 4 0
Con:236 182 201 14 21

Merloz/2007%"! N=278 =0 mm <2 mm 2-4 mm >4 mm No Screw-related complication
Nav:140 134 139 1 0
Con:138 120 120 18 0

Kotani/2007*" N=138 =0 mm <1/4D Nav: 0, Con:1 neurological deficit
Nav:57 = 56
Con: 81 = 72

Amiot/2000"! N=838 =0 mm <2 mm 2—4 mm >4 mm Nav:0, Con:1 neurological deficit
Nav:294 278 294 0 0
Con:544 461 529 10 5

Laine/2000%” N=496 =0 mm <2 mm 2—4 mm >4 mm Nav: 0, Con: 2 nerve root lesion
Nav:219 209 217 2 0
Con:277 240 266 7 4

Laine/1997%"! N=174 =0 mm Nav: 0, Con: 1 pedicle fracture, 1 nerve
Nav-139 133 root lesion
Con: 35 30

“Nav, the navigation techniques group; Con, the conventional techniques group; I, II, IIl and IV are grades of pedicle screws.
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Nav Nonnav Odds ratio Odds ratio
Study or subgroup Events Total Events Total Weight M—H, Random, 95% CI Year M-H, Random, 95% CI
Laine 1997 133 139 30 35 55% 3.69[1.06,12.91] 1997 -
Amiot 2000 278 294 461 544 12.5% 3.13[1.80, 5.45] 2000 -
Laine 2000 209 219 240 277 10.3% 3.22[1.56, 6.64] 2000 -
Merloz 2007 134 140 120 138 7.7% 3.35[1.29, 8.72] 2007 -
Rajasekaran 2007 237 242 182 236 7.9% 14.06[5.51, 35.87] 2007 -
Saki 2008 205 264 115 214 14.8% 2.99 [2.02, 4.44] 2008 -
Han 2010 88 92 70 84 6.1% 4.40[1.39, 13.96] 2010
Sibermann 2011 185 187 127 152 4.4% 18.21 [4.24, 78.24] 2011 - ’
Shin 2012 99 106 186 204 8.2% 1.37[0.55, 3.39] 2012 -
Cui 2012 458 483 498 557 13.5% 2.17[1.34, 3.52] 2012 "
Allam 2013 90 100 83 108 9.2% 2.05[0.91, 4.62] 2013 —
Total (95% CI) 2,266 2,549 100.0% 3.36 [2.37,4.77] <&
Total events 2,116 2,117
P 2 _ . 12— — — 2=t t t 1 +
Heterogeneity: Tau2 = (0.18; Chi2 = 22.90, df = 10 (P = 0.01); 12 = 56% 0.02 o1 1 10 =0

Test for overall effect: Z = 6.78 (P < 0.00001)

Favours experimental Favours control

Fig. 2 Forest plot comparing “perfect” screws (= 0 mm) between insertions performed with and without navigation.

cluded that artifact-reduced MRI should be considered
an alternative to the gold standard of CT for postopera—
tive imaging after spinal fusion surgery. Therefore, we
accepted data that were assessed using MRIL

Meta-analysis of each grade of pedicle screw

Eleven papers reported the number of perfect screws.
The comparison of outcomes between placement with
or without navigation is shown in Fig. 2. Meta-analysis
revealed a significant difference between image-guided
and non-image-guided placement (OR: 3.36, 95%ClI:
2.37,4.77, T = 56%, P < 0.00001).

Eleven papers provided the number of “‘safe zone”
screws. As the different criteria used for perforation
of the pedicle screw, such as 2 mm, 3 mm and 1/4 D,
sub-group analysis was used. The comparison of out—
comes with or without navigation is shown in Fig. 3.
Based on meta-analysis, there was a significant differ—
ence favoring procedures performed using navigation
compared to those performed without navigation (OR:
4.72, 95%CIL: 3.25-6.86, I = 9%, P < 0.0001).

Seven papers provided the number of “‘potentially
hazardous’ screws. As different criteria were used
for the perforation of the pedicle screws, including
2 mm and 3 mm, sub-group analysis was performed.
The comparative outcomes for procedures performed
with and without navigation are shown in Fig. 4.
Meta-analysis favored procedures performed with
navigation compared to procedures performed without
navigation (OR: 0.27, 95%CI: 0.10-0.77, I = 69%,
P = 0.01.)

Six papers provided the number of ‘“‘absolutely
hazardous™ screws. As the different criteria were used
for the perforation of the pedicle screw, including
2 mm and 3 mm, sub-group analysis was used. The

comparison of absolutely hazardous screws between
procedures with and without navigation is shown in
Fig. 5. Meta-analysis favored procedures performed
with navigation compared to those without navigation
for absolutely hazardous screws (OR: 0.09, 95%CI:
0.03-0.26, I =40%, P < 0.00001).

Meta-analysis of screw-related complications

All papers included in the analysis provided rates of
screw-related complications. Four papers reported no
complications in two groups. The total incidence of
complications was 0.22%, but only one complication
occurred in the navigation group. There were 17 com—
plications overall, including 13 neurological deficits,
one cerebrospinal fluid leak, one pleural injury, one
minor dura violation, and one pedicle fracture. Meta-
analysis of these complications showed a significant
difference favoring navigation compared to the con—
ventional method (OR: 0.25, 95%CI: 0.09-0.70, I" =
0%, P = 0.008) (Fig. 6).

Publication bias

The funnel plot was based on each grade of pedicle
screw and screw-related complications (Fig. 7). The
graphical funnel plots based on screw-related compli—
cations of included studies appeared to be symmetrical,
which suggested no publication bias, but the funnel
plots based on each grade of pedicle screw of included
studies appeared to be asymmetric, which suggested
the presence of publication bias.

DISCUSSION

This meta-analysis has shown that for screws in the
“perfect,” “‘safe,” “‘potentially hazardous”, and ‘‘abso—
lutely hazardous™ zones, the accuracy of pedicle screw

99 <6
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insertion was significantly improved with the aid of
image-guided navigation. Based on the outcomes,
screws inserted in the thoracic and lumbar spine with
the use of navigation techniques exhibited a higher
accuracy in pedicle screw placement than those placed
with conventional techniques. The results is consistent
with the report by Gelalis""', who conducted a review
to compare the free-hand, fluoroscopic-guided and
navigation techniques, and found that the accuracy of
screw positioning was improved when navigation assis—
tance was used. However, this previous report used
descriptive statistics to explain the findings. There have
been four meta-analyses™"*""” published in the field of
pedicle screw accuracy, and all of these reports included
studies that performed retrospective analyses of screw
placement and also included the cervical spine, which
has a more complicated anatomy than other spinal seg—
ments. These studies also showed that insertion with
navigation techniques improves the accuracy of pedicle
screw insertion. Tian et al.""” also compared pedicle
screw insertion accuracy with different navigation

methods and found that CT and 2D and 3D navigation
techniques presented few differences. However, these
studies only compared the accuracy of ‘“‘safe zone”
screws with or without the use of navigation techniques,
whereas the present study compared all of the different
screw zones in the thoracic and lumbar spine, which
suggests that the current report may provide more accu—
rate evidence.

As pedicle screws were inserted in vivo, the assess—
ment of pedicle screw positioning post operation must
be performed using plain radiography, CT, or MRI, as
opposed to dissection, which may influence the accu—
racy of pedicle screw assessment. This is one possible
reason why the accuracy of pedicle screw insertion in
vitro is superior to that in vivo™. Assessment by plain
radiography was not included in the present study due
to its lower accuracy[5‘54], whereas CT scans have been
considered the “gold standard” for the assessment of
pedicle screw placement[s'b'm'%]. The CT technique
can reduce metal artifact significantly and provide
3D images that display all aspects of the position of

Nav Nonnav Odds ratio Odds ratio

Study or subgroup  Events Total Events Total Weight M-H, Random, 95% CI Year M-H, Random, 95% CI
1.2.1 <2 mm
Amiot 2000 294 294 529 544 1.7% 17.24[1.03, 289.19] 2000 -
Laine 2000 217 219 266 277 5.7% 4.49 [0.98, 20.46] 2000 -
Merloz 2007 139 140 120 138 3.3% 20.85 [2.74, 158.50] 2007 —_—
Rajasekaran 2007 238 242 201 236 11.1% 10.36 [3.62, 29.65] 2007 -
Sakai 2008 234 264 154 214 36.4% 3.04[1.87,4.93] 2008 -
Han 2010 92 92 81 84 1.5% 7.94.[0.40,156.12] 2010 ’
Shin 2012 103 106 192 204 7.7% 2.15[0.59, 7.78] 2012 T
Cui 2012 474 483 528 577 20.8% 4.89 [2.38, 10.06] 2012 -
Subtotal (95% CI) 1,840 2,274 88.3% 4.79 [2.96, 7.75] <&
Total events 1,791 2,071
Heterogeneity: Tau2 = 0.12; Chi2 =9.83, df = 7 (P = 0.20); 12 =29%
Test for overall effect: Z = 6.37 (P < 0.00001)
1.2.2<3 mm
Sibermann 2011 185 187 143 152 5.5% 5.82[1.24,27.36] 2011 -
Allam 2013 99 100 97 108 3.2% 11.23[1.42,88.63] 2013
Subtotal (95% CI) 287 260  8.6% 7.37 [2.14, 25.44] .
Total events 284 240
Heterogeneity: Tau2 = 0.00; Chi2 = 0.25,df =1 (P =0.61); 2= 0%
Test for overall effect: Z = 3.16 (P < 0.002)
1.2.3<1/4D
Kotani 2007 56 57 72 81 31% 7.00 [0.86, 56.89] 2007 —
Subtotal (95% CI) 57 81 3.1% 7.00 [0.86, 56.89] i
Total events 56 72
Heterogeneity: not applicable
Test for overall effect: Z = 1.82 (P = 0.07)
Total (95% CI) 2,184 2,615 100.0% 4.72 [3.25, 6.86] L 2
Total events 2,131 2,383

CP 92 _ . 9 _ _ _ T2 — t + } }
Heterogeneity: Tau? = 0.04; Chi2 = 11.04, df = 10 (P = 0.35); I2=9% 0.01 01 1 10 100

Test for overall effect: Z = 8.15 (P < 0.00001)

Test for subgrpou dofferences: Chi2 = 0.49, df =2 (P = 0.78); 12 = 0%

Favours experimental Favours control

Fig. 3 Forest plot of the comparison between ‘“‘safe zone” screw procedures performed with and without navigation.
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Nav Nonnav QOdds ratio Odds ratio
Study or subgroup  Events Total Events Total Weight M—H, Random, 95% CI Year M-H, Random, 95% CI
1.3.1 3—6 mm
Sibermann 1997 1 187 4 152 11.5% 0.20 [0.02, 1.80] 2011 B
Allam 2013 1 100 5 108 11.7% 0.21 [0.02, 1.81] 2013 -
Subtotal (95% CI) 287 260 23.2% 0.20 [0.04, 0.95] -
Total events 2 9

Heterogeneity: Tau2 = 0.00; Chi2 = 0.00, df =1 (P = 0.98); 12 = 0%
Test for overall effect: Z = 2.02 (P = 0.04)

1.3.2 2-4 mm

Laine 2000 2 219 7 277 15.3% 0.36 [0.07, 1.73] 2000 -
Amiot 2000 0 294 10 544  8.6% 0.09[0.01, 1.48] 2000 - I
Rajasekaran 2007 4. 242 14 236 18.6% 0.27 [0.09, 0.82] 2007 -
Merloz 2007 1 140 18 138 12.5% 0.05 [0.01, 0.36] 2007 -
Sakai 2008 27 264 17 214 21.8% 1.32 [0.70, 2.49] 2008 ™
Shin 2012 2 106 4 0 Not estimable 2012

Subtotal (95% CI) 1,265 1,409 76.8% 0.28 [0.08, 1.04] N
Total events 36 70

Heterogeneity: Tau2 = 1.51; Chi2 = 17.35, df =4 (P =0.002); 12=77%
Test for overall effect: Z =1.90 (P = 0.06)

Total (95% CI) 1,552 1,669 100.0% 0.27[0.10, 0.77] >
Total events 38 79

Heterogeneity: Tau2 = 1.19; Chi2 = 19.10, df = 6 (P = 0.004); 12 = 69% ' t f 1
Test for overall effect: Z = 2.45 (P = 0.01) 0.001 ,0'1 1 10 1,000
Test for subgrpou dofferences: Chi2 = 0.11, df =1 (P =0.75); 12=0% Favours experimental Favours control

Fig. 4 Forest plot of the outcomes for “potentially hazardous” screws compared between procedures performed with and without

navigation.
the pedicle screw. However, CT images cannot display tissues, including the nerve root, although due to metal
the soft tissues clearly, especially the nerve root. In artifacts, MRI cannot display metal screws clearly.
contrast, MRI provides excellent evaluation of the soft Recently, one studym has shown that artifact-reduced
Nav Nonnav Odds ratio Odds ratio

Study or subgroup  Events Total Events Total Weight M—H, Random, 95% CI Year M-H, Random, 95% CI

1.4.1>4 mm

Amiot 2000 0 294 5 544 10.0% 0.17 [0.01, 3.02] 2000 —

Laine 2000 0 219 4 277 9.8% 0.14.[0.01, 2.59] 2000 - |

Rajasekaran 2007 0 242 21 236 10.4% 0.02 [0.00, 0.34] 2007 — =

Merloz 2007 0 140 0 138 Not estimable 2007

Sakai 2008 3 264 43 115 25.5% 0.02 [0.01, 0.06] 2008 -

Shin 2012 1 106 4 204 14.4% 0.48 [0.05, 4.31] 2012 — |

Subtotal (95% CI) 1,265 1,514 70.2% 0.07 [0.02, 0.30] -

Total events 4 77

Heterogeneity: Tau2 = 1.27; Chi2 = 7.98, df = 4 (P = 0.009); 12 = 50%
Test for overall effect: Z = 3.60 (P = 0.003)

1.4.2>6 mm

Sibermann 2011 1 187 5 152 14.8% 0.16 [0.02, 1.37] 2011 I
Allam 2013 1 100 6 108 15.0% 0.17 [0.02, 1.45] 2013 -
Subtotal (95% CI) 287 260 29.8% 0.16 [0.04, 0.75] -
Total events 2 11

Heterogeneity: Tau2 = 0.00; Chi2 = 0.00, df =1 (P = 0.96); 12 = 0%
Test for overall effect: Z = 2.33 (P = 0.02)

Total (95% CT) 1,552 1,774 100.0% 0.09 [0.03, 0.26] >

Total events 6 88

Heterogeneity: Tau2 = 0.79; Chi2 = 9.96, df = 6 (P = 0.013); 12 =40% ' : : !
Test for overall effect: Z = 4.46 (P = 0.00001) 0.001 .0'1 1 10 1,000
Test for subgroup differences: Chi2 = 0.61, df = 1 (P = 0.44); 12 = 0% Favours experimental Favours control

Fig. 5 Forest plot comparing “absolutely hazardous” screws between procedures performed with and without navigation.
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Nav Nonnav Odds ratio Odds ratio
Study or subgroup  Events Total Events Total Weight M—H, Random, 95% CI Year M-H, Random, 95% CI
Laine 1997 0 139 2 35 21.4%  0.05[0.00,1.02] 1997 €%
Amiot 2000 0 294 1 544 57% 0.62[0.02,15.15] 2000
Laine 2000 0 219 2 277 11.9%  0.25[0.01, 5.26] 2000 -
Kotani 2007 0 57 1 81  6.7% 0.47[0.02,11.66] 2007
Merloz 2007 0 140 0 138 Not estimable 2007
Rajasekaran 2007 0 242 0 236 Not estimable 2007
Sakai 2008 0 264 0 214 Not estimable 2008
Han 2010 0 92 3 84 19.6%  0.13[0.01, 2.47] 2010 * "
Sibermann 2011 0 187 1 152 89% 0.27[0.01,6.66] 2011 -
Cui 2011 0 483 1 557 75% 0.38[0.02,9.44] 2011 -
Shin 2012 1 106 5 204 18.3%  0.38[0.04, 3.29] 2012 - = |
Allam 2013 0 100 0 108 Not estimable 2013
Total (95% CI) 2,323 2,630 100.0% 0.25 [0.09, 0.70] -
Total events 1 16 1

Heterogeneity: Tau2 = 1.98, df = 7 (P = 0.96); I2 = 0%
Test for overall effect: Z = 2.63, df = 1 (P = 0.008)

0001 01 1 10 1000
Favours experimental Favours control

Fig. 6 Forest plot comparing complications between procedures performed with and without navigation.

MRI could be considered an alternative to the gold
standard for postoperative imaging to assess the accu—
racy of pedicle screw insertion, as this technique can
reveal the relationship of the pedicle screw to the nerve
root after spinal fusion surgery. Thus, MRI will likely
become a standard method to assess the position of
pedicle screws in the future.

Malposition of a pedicle screw leads to many com—
plications, such as dural lesions, nerve root irritation,
vascular injury, cerebrospinal fluid leak, visceral injury
and pedicle fracture. However, there are few sympto—
matic complications relative to the high rate of pedicle
screw perforations” """, Neurological complications
while inserting pedicle screws are rare but serious. In
our study, 12 papers reported that 94 screws perforated
the pedicle by more than 4 mm, but only 17 screw-
related complications were reported, with a mean inci—
dence of 18%. The results of our study show that dural

0 SE(log[OR]) .
0.51 §
1 a
' o
151 o :
i ° IiSlll:l:nj
ol 7 . OR
0.02 0.1 1 10 500

Fig. 7 Funnel plot checking the publication bias based on
screw-related complications.

lesions and irritation of nerve roots occurred in a mean
of 0.06% and 0.15% of pedicle screws, respectively. In
all 12 papers, only one complication was reported in
the group using navigation techniques. However,
Schulze et al."” reported that experienced surgeons
could accurately place pedicle screws in 80% of cases
with conventional techniques and that neurological
symptoms are rarely affected by an inaccurate pedicle
screw placement, even if the penetration of the pedicle
wall is greater than 6 mm. Gelalis et al."" showed in a
review that the neurological complication rate was simi—
lar between studies using CT navigation, the free-hand
technique and fluoroscopy. In our meta-analysis, pedicle
screw insertion using navigational techniques led to a
significantly lower incidence of screw-related complica—
tions compared to conventional methods (P = 0.008).
The results of this meta-analysis should be inter—
preted with caution due to several limitations. First,
only three studies were RCTs, and most data included
in the present study were reported from nonrando—
mized, controlled trials. A meta-analysis of such data
leads to less powerful results compared to those
obtained purely from randomized studies. However,
it is difficult to conduct a prospective randomized trial
to answer these types of questions due to poor patient
compliance, different patient demographic characteris—
tics and different indications for surgery. Second,
methods and tools used to assess postoperative screw
position vary across studies, and these differences are
usually associated with heterogeneity among studies.
Furthermore, technical issues, such as differences in
surgeons” skills, varying complexity of the surgery,
and screw/pedicle dimensions could be responsible
for this reported heterogeneity. Other limitations
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include the heterogeneity of different navigation tech—
niques and the different spine levels instrumented.
Although the outcome of the current study indicated
a significant difference, the funnel plots based on each
grade of screw showed obvious publication bias as
authors are more likely to report positive outcomes.
We also only included papers written in English.

In conclusion, our study showed that the accuracy
and complication rate of pedicle screw insertion using
navigation techniques was superior to those obtained
using conventional techniques. Furthermore, research
in this area should include RCTs with well-planned
methodologies to limit bias and report on validated
patient-based outcome measures.

The outcome of this meta-analysis found that the
accuracy and complication rate of pedicle screw inser—
tion using navigation techniques was superior to those
obtained using conventional techniques. More RCTs of
high quality are needed to strengthen the quality of
evidence.
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